Although estrogen receptor beta (ERβ) has been implicated in prostate cancer (PCa) progression, its potential role in health disparity of PCa remains elusive. The objective of this study was to examine serum estrogens and prostate tumor ERβ expression and examine their correlation with clinical and pathological parameters in African American (AA) versus Caucasian American (CA) men. The circulating 17β-estradiol (E2) was measured by enzyme immunoassay in blood procured from racially stratified normal subjects and PCa patients. Differential expression profile analysis of ERβ was analyzed by quantitative immunohistochemistry using ethnicity-based tissue microarray encompassing 300 PCa tissue cores. In situ ERβ expression was validated by quantitative reverse transcription-PCR in matched microdissected normal prostate epithelium and tumor cells and datasets extracted from independent cohorts. In comparison with normal agematched subjects, circulating E2 levels were significantly elevated in all PCa patients. Further analysis demonstrates an increase in blood E2 levels in AA men in both normal and PCa in comparison with age-and stage-matched counterparts of CA decent. Histochemical score analysis reveals intense nuclear immunoreactivity for ERβ in tumor cores of AA men than in CA men. Gene expression analysis in microdissected tumors corroborated the biracial differences in ERβ expression. Gene expression analysis from independent cohort datasets revealed correlation between ERβ expression and PCa progression. However, unlike in CA men, adjusted multivariate analysis showed that ERβ expression correlates with age at diagnosis and low prostate-specific antigen recurrence-free survival in AA men. Taken together, our results suggest that E2-ERβ axis may have potential clinical utility in PCa diagnosis and clinical outcome among AA men.
Introduction
Estrogen is a steroidal hormone involved in regulation of growth and differentiation in many target tissues (1, 2) . Estrogen is also implicated in many pathological disorders including osteoporosis and cancers of breast, endometrial, colon and prostate (3) (4) (5) (6) (7) . The active form of estrogen is 17β-estradiol (E2) while estrone and estriol are weakly bound to estrogen receptors (ERs) (8) . The two ERs, ERα and ERβ, belong to the nuclear receptor family of transcription factors.
The tissue-specific effects of ERs are dependent on ligand binding, heterodimerization, transactivation or activity of estrogen-response element. Notably, diverse biological response to E2 is dependent on tissue type and the synchronization between ERα and ERβ signaling pathways (9) .
The incidence and mortality of PCa is significantly high among AA men in comparison with CA men (10, 11) . In 2007, Rohrmann et al. (12) reported that circulating estrogen, but not testosterone, levels are considerably high among AA men than CA men. The decreased androgen to estrogen ratio may be a risk factor for PCa (13) . Estrogens not only induce growth and differentiation of normal prostate glands but also involved in pathogenesis of PCa (4) . Although the underlying mechanisms remain elusive, E2 has been shown to be a risk factor for prostate carcinogenesis in animal models (14) . A recent study has suggested that E2 may abrogate ERβ-and KLF5-mediated signaling and promote cellular proliferation (15) . The human prostate progenitor cells appear to be estrogen targets, whereas E2, when combined with testosterone, acts as a carcinogen in human prostate epithelium (16) .
The aberrant expression of ERs may affect transcription of target genes, which in turn demarcate estrogen effects on PCa tissues (17) . Unlike ERα expression in prostate stroma (18) , ERβ is expressed in normal prostatic epithelium (19) (20) (21) . However, the role of ERβ in PCa growth and progression is still a matter of conjecture. ERβ activation appears to inhibit cell proliferation directly or through ERα blockage, suggesting PCa-suppressive function for ERβ (17, 22, 23) . However, Lai et al. (19) have reported that ERβ is expressed in PCa metastases and may be a relevant target for treatment of advanced PCa. Indeed, recent evidence on pivotal involvement of ERβ in the carcinogenesis of non-classical estrogen target tissues, including PCa, suggests targeted ERβ therapies may be effective in PCa (24) . To our knowledge, this is the first study to examine the potential role of estrogen-ERβ axis in health disparity of PCa patients.
Materials and methods

Study subjects and measurement of serum estrogens
All information on research subjects was handled in accordance with an approved IRB protocol (Biospecimen Core, Louisiana Cancer Research Consortium; www.lcrc.info). Blood samples were collected from AA and CA PCa patients at Tulane University Hospital, New Orleans, LA. Normal serum samples were purchased from BioReclamation (LLC, NY) after informed consents from donors. Blood was collected from either normal or PCa participants and serum was isolated by centrifugation at 1500 r.p.m. for 5 min, then all sera were aliquoted and stored at −80°C for hormonal analysis. The analysis of circulating E2 was performed in serum samples procured from AA and CA patients with matched age (~ 54 years), body mass index (BMI; 26 kg/m 2 ), PSA (6 ng/ml) and tumor grade [Gleason score (GS) < 7] . For comparative interracial baseline analysis, the E2 levels were also monitored in serum derived from age-matched normal subjects representing AA and CA (Supplementary  Table 1 , available at Carcinogenesis Online). E2 was measured in diluted serum (1:2) by an enzyme immunoassay kit according to the manufacturer's protocol (Cayman Chemical Co., MI). The E2 enzyme immunoassay kit is a competitive assay between serum E2 and E2-acetylcholinesterase for a limited amount of E2 antiserum.
Tissue microarray analysis
The differential expression of ERβ in prostate tumors in the biracial population was performed by immunohistochemical analysis using an ethnicity-based tissue microarray (TMA-4). Designed by the National Cancer Institute, the TMA-4 provides high statistical power to investigate possible differences in PCa marker prevalence between AA and CA men. The tissue cores encompass four neoplastic tissue samples from 150 each of AA and CA biopsies, 17 benign prostatic hyperpasia (BPH) cores, 13 normal cores and 3 cell line cores (LNCaP, DU-145 and PC-3). The clinical annotations of PCa patients include age at diagnosis (AAD), race, PSA at diagnosis, tumor size, TNM stage, GS and grade, Abbreviations: AA, African American; AAD, age at diagnosis; BPH, benign prostatic hyperpasia; CA, Caucasian American; CRPC, castration-resistant PCa; E2, 17β-estradiol; ERβ, estrogen receptor beta; GS, Gleason score; HS, H-Score, histochemical score; PCa, prostate cancer; PRF, PSA recurrencefree; PSA, prostate-specific antigen; TMA, tissue microarray.
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PSA recurrence, PSA recurrence-free (PRF) and vital status (Supplementary  Table 2 , available at Carcinogenesis Online). Although the TMA-4 is lacking metastatic cores, it contains tissue cores encompassing GS range from 6 to 9. The TMA-4 information and maps can be retrieved at http://cpctr.cancer. gov/cpctr_tma.html#tma2. For immunohistochemical analysis, the TMA slides were deparaffinized, rehydrated and immunostained using Biocare reagents in a Biocare Nemesis 7200 automated system (Biocare Medical, Concord, CA). The endogenous biotin and H 2 O 2 were quenched by sequential incubation in 3% H 2 O 2 (5 min) and avidin-biotin blocking solution (10 min). Antigen retrieval (Biocare BORG solution) and non-specific site blocking (Sniper block solution) were followed by addition (1:100 dilution) of mouse monoclonal anti-ERβ antibody (abcam, Cambridge, MA) for 45 min. The ERβ antibody was raised against a recombinant 6-His fusion protein encoding amino acids from 1-153, a specific peptide for human ERβ. The antigen-antibody complex was revealed using horseradish peroxidase-conjugated secondary antibody (10 min) and visualized by diaminobenzidene substrate-chromogen solution. The slides were counterstained by hematoxylin and bluing solution. Negative controls were prepared in the absence of the primary antibody. Immunoreactivity of ERβ was scored using high-resolution digital images (NanoZoomer, UK) at ×20 magnification with a web-based interface and Distiller software (SlidePath Ltd, Dublin, Ireland). A histochemical score (H-score) was used to assess the intensity of ERβ and the percentage of stained cells as reported previously (25) . H-score was calculated according to the following formula: H-score = (% negative nuclei × 0) + (% weak staining nuclei × 1) + (% moderate nuclei × 2) + (% strong nuclei × 3). The TMA slides were also independently examined and scored under light microscopy by two pathologists from Tulane University (K.M. and B.E.C. Jr). The agreement between the software and observers was excellent with interclass correlation scores >0.85. The final score of the AA and CA tissue cores was expressed as mean ± standard error.
Laser capture microdissection and quantitative reverse transcription-PCR
Thirty frozen PCa sections provided by the Louisiana Cancer Research Consortium Biospecimen Core were subjected to laser capture microdissection. Clinical annotations of these samples are provided in Supplementary  Table 4 (available at Carcinogenesis Online), including age, GS, PSA and tumor grade. Briefly, after thawing at room temperature for 10 s, the slides were fixed in 70% ethanol for 10 s, then stained in hematoxylin (40 s), bluing solution (20 s) and eosin (20 s), followed by dehydration twice in 95% ethanol and 100% ethanol for 15 s. The sections were then incubated in xylene, air dried and microdissected using PixCell II system and CapSure LCM caps (Arcturus Engineering, Mt. View, CA). Matched normal prostate epithelium and tumor cells in each section were laser capture microdissection procured using ~2000 pulses, spot diameter of 15 μm and 35-45 mW laser power. Total RNA was extracted from captured cells by TRI Reagent (Molecular Research Centre, Cincinnati, OH), mixed with RNA carrier GenElute TM Linear Polyacrylamide (Sigma, St Louis, MO) and treated with RQ1 RNase-free DNase (Promega Corporation, Madison, WI). The RNA yield and integrity were determined using an Agilent 2100 bio-analyzer (Agilent Technologies, Palo Alto, CA). The complementary DNA was synthesized and subjected into quantitative reverse transcription-PCR analysis (Thermal Cycler, Bio-Rad, CA) using primers for ERβ (forward, 5′-GGCAGAGGACAGTAAAAGCA-3′; reverse, 5′-GGACCACACAGCAGAAAGAT-3′) and glyceraldehyde 3-phosphate dehydrogenase (forward, 5′-AGAAGGCTGGG GCTCATTTG-3′; reverse, 5′-AGGGGCCATCCACAGTCTTC-3′).
ERβ expression profile in independent cohorts of PCa
We extracted and analyzed microarray data encompassing prostate tumor messenger RNA expression profiles in two independent cohorts. The first set was extracted from Gene Expression Omnibus (GEO; GSE 6919) profiled by Affymetrix HG-U95av2 and consists of four probe-set IDs (34431_at, 31437_r_ at, 31436_s_at, 1442_at) with PCa gene expression, including ERβ. The arrays include 171 samples; 18 normal samples, 63 normal adjacent to the tumor, 65 primary tumors and 25 metastatic tumors as reported previously (26) . The raw microarray data were preprocessed by Robust Multi-array Analysis procedure with quantile normalization method (27) . ERβ gene expression was expressed in log 2 scale. A heat-map was employed to investigate any changes in the pattern of ERβ gene expression at different grades of PCa. For each probe set, the median of ERβ gene expression in each group was used for the analysis. The second set of data was extracted from Oncomine Web site (www.oncomime.org), including 139 human microdissected samples procured from AA (n = 24) and CA (n = 115), and all descriptive details of these samples were reported before (28) .
Statistical analysis
Statistical significance was analyzed using one-way analysis of variance method for comparing multiple groups, followed by Dunnett's post hoc multiple comparison test to evaluate differences with respect to a control group. Cancer-specific survival rates were evaluated on the basis of a Cox proportional hazard model, and statistical significance was determined with corresponding Wald's tests. The Pearson correlation coefficient was used to test the correlation among different variables. The study hypotheses were tested on the 5% level of significance throughout the analysis. All statistical summaries and analyses were performed using SAS software (version 9.1 or higher in Windows) and R/Bioconductor.
Results
Clinicopathological analysis
For serum E2 study, the average age of normal subjects was 54.9 ± 3.9 and 54.7 ± 5.1 years old and the BMI was 25.4 ± 3.9 and 27.3 ± 5.9 for AA and CA men, respectively. The average age of PCa patients was 57.5 ± 7.1 years for AA and 62.8 ± 5.5 years old for CA men. BMI was 30.2 ± 4.2 for AA regarding 29.3 ± 4.8 for CA men. PSA levels were 7.52 ± 7.6 and 5.55 ± 2.3 ng/ml in AA and CA men, respectively (Supplementary Table 1 , available at Carcinogenesis Online). The ERβ TMA study involved analysis of four neoplastic tissue samples from each of the 150 AA and CA tumor tissue cores. The average AAD was 59.5 ± 6.3 and 62.8 ± 6 years old for AA and CA men, respectively. Sixteen percent of AA patients have a GS ≥ 8, compared with 24% of CA. PRF was 37.04% (n = 50) in AA compared with 44.91% (n = 66) in CA. Other patient clinicopathological characteristics are summarized in Supplementary Table 2 (available at Carcinogenesis Online).
Circulating levels of E2 are elevated in AA men
The E2 concentration (pg/ml) was measured by enzyme immunoassay method in the sera of AA versus CA men in normal (n = 41) and PCa patients (n = 50). Circulating E2 levels in normal subjects were influenced by the race with higher levels among AA men (P = 0.0332) (Figure 1a ). Significant elevation of circulating E2 levels was detected in AA (P = 0.0011), but not in CA (P = 0.1814), with PCa compared with their corresponding age-and race-matched normal subjects (Figure 1b and c) . Inter-racial analysis demonstrates a significant increase (P < 0.0046) in circulating E2 levels in AA (30.97 ± 14.99 pg/ml) compared with CA men (19.01 ± 9.51 pg/ml) with PCa ( Figure 1d and Supplementary Table 1 , available at Carcinogenesis Online).
Regardless of race, there was no correlation between E2 levels and age (r = −0.024; P = 0.894) or BMI (r = −0.071, P = 0.690) in normal patients (Table I ). The remarkable increase of E2 blood level in AA men did not show any correlation with AAD (r = −0.148, P = 0.557), BMI (r = 0.006, P = 0.986) or PSA concentration (r = 0.007, P = 0.980) in PCa patients (Table I) .
ERβ is selectively expressed in prostate tumors of AA men
The specificity of ERβ antibody was examined by western blot analysis. For immunohistochemical analysis, appropriate dilution of the ERβ antibody was optimized on human breast, ovarian and prostate cancer tissue sections and examined by the pathologist (K.M.). Nuclear immunoreactivity to ERβ was detected in 45.33% (136/300) of PCa patients compared with normal patients (50.0%) and the BPH (45.75%) of prostatic tissues (Figures 2 and 3a-b) . Interestingly, a high frequency of nuclear immunostaining of ERβ (57.33%; 86/150) was observed in AA compared with CA men (33.3%; 50/150) ( Figure 2 and Supplementary Table 3, available at Carcinogenesis Online). Further analysis revealed that 30.66% of stained nuclei had weak, 16.0% moderate and 10.66% strong immunostainings in tumors of AA patients. In contrast, although 16.66% and 10.66% had weak and moderated staining, respectively, only 6.0% of the tumor nuclei were found to have a strong staining intensity in CA men. As positive controls, both LNCaP and DU-145 PCa cell lines revealed an intense immunoreactivity to ERβ (Figure 2e-h ). Overall, the average H-score of ERβ showed a significant increase (P < 0.05) in PCa patients (n = 296) compared with normal cores (n = 28) (Figure 3a) . Notably, the H-score of ERβ was also higher (P < 0.005) in AA (n = 148) than in CA (n = 150) of PCa patients (Figure 3b ). When the data were stratified based on GS, there was a significant increase in H-score of ERβ at Gleason 7 in AA compared with CA men (P < 0.05) (Figure 3c ).
Estrogen-ERβ axis in health disparity of prostate cancer
Correlation of ERβ histochemical score with clinical parameters of PCa patients
The correlation of ERβ expression with PRF survival in AA and CA men was examined using a Cox proportional hazard model. The potential impacts of other factors such as ERβ-HS were considered when fitting the model by selecting the histochemical score (HS) of 5, 15 and 25 as, respectively, low, medium and high expression intensity of ERβ (Supplementary Table 3 , available at Carcinogenesis Online). The final significant models we obtained are ones pertaining to race (P < 0.0106), the squared root of ERβ-HS (P < 0.0299) and ERβ-HS (P < 0.0595) as the covariates. Other factors such as AAD and GS do not have significant impact to the PRF survival. This may be attributed to high correlation between age and ERβ-HS in AA group. The PRF survival curves stratified by the degree of intensity (HS) of ERβ immunostaining is illustrated in Figure 3d . In this model, a significant negative correlation (P < 0.0106) was observed between ERβ, regardless of HS, and PRF survival in AA men versus CA men. The data imply that ERβ nuclear immunoreactivity can serve as a prognostic indicator of disease progression and poor clinical outcome in this ethnic group of patients.
Consistent with PRF, the ERβ-HS was found to be correlated with the AAD in AA men (r = 0.3596, P = 0.0418). Aside from AAD, there was no correlation between ERβ-HS and any of other clinical parameters related to AA patients. In contrast, no correlation was observed between ERβ-HS and GS (r = 0.126, P = 0.125), AAD (r = 0.071, P = 0.3906) or PRF (r = 0.005, P = 0.9696) in CA men (Table II) . Nevertheless, a positive correlation was found between AAD and GS (r = 0.191, P = 0.008) as race-independent factor (Table II) .
Validation of ERβ gene expression in independent cohort of PCa patients
Next, we validated the differential gene expression of ERβ in 30 microdissected prostate tumors as oppose to their matched normal glands. In general, the ERβ transcripts were found to be approximately 3-fold higher in PCa than in normal glands (P < 0.01), regardless of race. When race stratified, the ERβ transcripts are expressed at significantly higher levels (P < 0.05) in prostate tumors derived from AA than in CA men (Figure 4a Tables 4 and 5 , available at Carcinogenesis Online. Moreover, we also validated ERβ gene expression in two independent cohorts of PCa using pre-existing datasets extracted from 171 samples (GEO/PubMed), as well as 139 samples (Oncomine), as described in the Methods section. In the first dataset, the ERβ gene expression was detected at significantly higher levels in metastatic tumors (P = 0.015) and the heat-map showed a positive correlation between ERβ transcript and PCa progression (Figure 4b and c) . In the second cohort encompassing samples procured from 24 AA and 115 CA as reported before (28), the ERβ transcript levels are significantly elevated in metastatic versus primary tumors (data not shown). However, no significant difference was identified based on the race or age in CA (P = 0.481) or AA men (P = 0.869) (Figure 4d-f) , possibly due to sample size difference between the two groups. Fig. 1 . Circulating E2 levels in normal and PCa patients. Blood was collected from 40 normal subjects and 50 PCa patients. Samples were equally divided into AA and CA. Based on race, the blood level of E2 (pg/ml) was measured in the normal versus PCa patients (a-d). *P < 0.05 is considered significant regarding normal or CA men. NS, nonsignificant.
Discussion
The causes of disproportionate incidence and mortality of PCa among AA men, in comparison with CA and other ethnic minorities, are not fully understood. Although initially responsive to androgen ablation therapy, prostate carcinomas inevitably progress to castration-resistant PCa (CRPC) for which no efficacious treatment is currently available. Deregulated growth and survival signaling is a characteristic of CRPC, suggesting that factors other than androgens contribute to PCa progression. However, several experimental and epidemiological studies have suggested a potential role for estrogens in the pathogenesis of PCa. Consistent with other studies (12), our ethnicity-based study revealed selective elevation of serum E2 levels in AA compared with CA men and corresponding race-, and agematched normal subjects. Estradiol increases cell proliferation in LNCaP cell line (29) and induces carcinoma in situ and adenocarcinoma in the prostates of transgenic mice (30) . Likewise, E2 metabolism has been shown to play a key role in prostate carcinogenesis (31) . In contrast, low circulating E2 has been detected in Japanese men, known to have a low risk of PCa (32) . Moreover, serum levels of testosterone, dihydrotestosterone, prolactin, follicular stimulating hormone, luteinizing hormone, estron and estradiol do not correlate with PCa risk (33, 34) . However, older men with high estrogen to testosterone ratio are at increased risk of PCa (35) . Conversely, a positive correlation between testosterone to E2 ratios and PCa risks was found in young CA but not in AA men (36) . On the blood level and regardless of race, our study revealed no correlation of E2 with BMI, AAD, PSA level or GS in PCa patients. Furthermore, the fact that in the Cox model, the race variable (1 for AA, 0 for CA) has a positive coefficient is consistent with the report that AA men have more aggressive disease at early age in comparison with CA men and as a result, die at an earlier age. The aforementioned findings argue that high circulating estrogens may pose risk for PCa in aging populations, especially at young age among AA men.
The expression and functional significance of ERβ in prostate tumorigenesis is still a matter of conjecture. The ERβ subtype has been shown to be expressed in most metastatic PCa, suggesting that therapeutic targeting this receptor may be effective in late-stage PCa (19, 22) . This notion was further strengthened by the fact that ER antagonists inhibit growth and/or induce apoptosis in PCa cells expressing either ERβ or both ER subtypes (37, 38) . Although ERβ expression has been documented in PCa, its expression as influenced by race remains elusive. We demonstrate high histochemical score for ERβ nuclear immunostaining in adenocarcinomas in PCa patients in comparison with normal subjects. Inter-racial analysis demonstrates a significant increase in both ERβ transcripts and protein levels in tumors of AA as opposed to CA men. The biracial differential expression of ERβ was validated in microdissected tumors procured from an independent cohort at the gene transcription level by quantitative reverse transcription-PCR. Dataset extracted from another independent cohort study revealed increased ERβ transcripts in metastatic tumors, although it is not clear if these metastatic tumors are castration resistant.
Consistent with our data, detection of ERβ in high-grade prostate tumors has been reported, regardless of race (19, 39) . In the same study, the authors reported that ERβ is predominantly expressed in lymph nodes and PCa bone metastasis. Significant levels of ERβ in primary and metastatic adenocarcinoma suggest that tumor cells may exploit estrogen-ERβ-mediated pathway for survival. Conversely, ERβ downregulation in high-grade prostatic intraepithelial neoplasia Pearson correlation coefficient (r) is calculated among groups and number in bold indicates significance at P < 0.05.
Estrogen-ERβ axis in health disparity of prostate cancer (39) is consistent with its potential protective effects. Leav et al. (22) reported that prostatic carcinogenesis is characterized by the loss of ERβ expression at high-grade dysplasia, followed by reappearance at grade 3 cancers and then rarely detected at grade 4/5 neoplastic tissues. Inhibition of PCa growth by selective ER modulators through ERβ induction further strengthens this notion (38, (40) (41) (42) . Mechanistically, ERβ is required to impede epithelial-to-mesenchymal transition through destabilization of HIF-1α and inhibition of vascular endothelial growth factor-mediated Snail nuclear localization (43) . The controversy of ERβ staining in aggressive PCa tissue may also be attributed to differential control of gene transcription by methylation (37, 44) , a shift in estrogen to androgen ratio in CRPC patients, induction of non-classical androgen receptor pathways in CRPC patients (15) or the specificity of antibodies used in tissue immunostaining.
Our adjusted multivariate analysis shows that ERβ expression correlates with AAD and low PRF survival in AA men in comparison with CA men. Gene expression analysis in datasets derived from independent cohort revealed significant upregulation of ERβ in prostate tumors and that this expression correlates with disease progression. In view of these findings, we can infer that prostate tumor expression may be a novel predictor of disease progression, poor prognosis and clinical outcome, especially among AA men. Similar findings of poor survival rates in hormone refractory patients was associated with high expression of aromatase and BRCA1 and a weak immunoreactivity against ERα in stromal cells (45) . Taken together, our study implicates a pivotal role of estrogen-ERβ axis in PCa risk, progression and poor prognosis, especially among AA men. The mechanism(s) of E2-ERβ signaling axis in disease progression and development of CRPC in AA men certainly warrants further investigation. Data are expressed as fold change normalized to glyceraldehyde 3-phosphate dehydrogenase. *P < 0.05 is considered significant to normal subjects (a) or CA men (b). To study the expression profile of ERβ in independent cohorts, data were extracted from 117 samples including normal and PCa tumor and the expression was expressed as log 2 (b). The heat-map of the median ERβ expression in these 117 normal and human PCa samples (n = 18 for normal, n = 63 for normal adjacent, n = 65 for primary tumor and n = 25 for metastatic tumor) was generated using different Affymatrix IDs (c). Red color represents the highest value while blue color represents the lowest value. The second dataset was extracted from other cohort including 139 samples (n = 24 for AA and n = 115 for CA). Correlation analysis between ERβ expression and AAD is illustrated (d-f). Pearson correlation coefficient (r) is calculated among groups and P < 0.05 is considered significant (bold numbers).
